Abstract: Gymnema sylvestre R. Br., one of the most important medicinal plants of the Asclepiadaceae family, is a herb distributed throughout the World, predominantly in tropical countries. The plant, widely used for the treatment of diabetes and as a diuretic in Indian proprietary medicines, possesses beneficial digestive, anti-inflammatory, hypoglycemic and anti-helmentic effects. Furthermore, it is believed to be useful in the treatment of dyspepsia, constipation, jaundice, hemorrhoids, cardiopathy, asthma, bronchitis and leucoderma. A literature survey revealed that some other notable pharmacological activities of the plant such as anti-obesity, hypolipidemic, antimicrobial, free radical scavenging and anti-inflammatory properties have been proven too. This paper aims to summarize the chemical and pharmacological reports on a large group of C-4 gem-dimethylated pentacyclic triterpenoids from Gymnema sylvestre.
Introduction
Plant natural products from abundant species represent attractive and sustainable starting materials for the preparation of new bioactive substances. Gymnema sylvestre R. Br. is a valuable herb from the family Asclepiadaceae, widely distributed in India, Malaysia, Sri Lanka, Australia, Indonesia, Japan, Vietnam, tropical Africa and Southwestern China. Other scientific and common names in different languages are given in Table 1 . Table 1 . Scientific and common names of Gymnema sylvestre [1] [2] [3] . Oleane structures of triterpenes isolated from Gymenma sylvestre
Monosaccharides and benzoil structure
Oligosaccharides as substituents of triterpenes isolated from Gymenma sylvestre 
Pharmacological Studies

Anti-Diabetic Activity and Mechanism of Action
GS has shown promising results as an anti-diabetic agent. The first scientific confirmation of the efficacy of GS in human diabetes came almost a century ago, when it was demonstrated that GS leaves reduce urinary glucose levels in diabetic subjects [28] . No adverse effect was observed; thus, it can be concluded that the powdered extract lowers fasting and postprandial blood glucose levels [2] .
Several studies suggest that the hypoglycaemic activity of GS is due to stimulation of insulin release (and possibly regeneration of Langerhans islet β-cells), modulation of the enzymes responsible for glucose utilisation (increased phosphorylase activity and the decreased activity of gluconeogenic enzymes and sorbitol dehydrogenase) and inhibition of glucose absorption in the bowel [29] [30] [31] [32] . Numerous studies using animal models have confirmed the hypoglycaemic effect of GS [33, 34] . Microscopy of a group of animals receiving GS extract showed that the nuclei of β-endocrinocytes were significantly enlarged in all sections of the pancreas. Pancreatic islets occupied the same volume fraction and area [35] , supporting the hypothesis that the use of GS increases the endogenous levels of insulin, possibly due to regeneration of pancreatic β-cells [36] . Other effects of GS extract include a prolonged hypoglyacemic action of exogenous insulin in dogs without a pancreas, an intensification of the effects of insulin, and an extended duration of reduced glucose levels [29] . Use of GS extracts to treat diabetes in rats significantly increases life expectancy. Plasma insulin was increased in mice with streptozotocin-induced diabetes mellitus (DM) upon administration of the saponin fraction of the methanol extract of GS leaves or isolated triterpene glycosides [9] . The use of GS extracts for 21 days after streptozotocin intoxication reliably reduced plasma glucose levels, increased insulin levels (most likely due to increased membrane permeability rather than stimulation of exocytosis by other pathways) [37] , and normalised high-density lipoprotein (HDL) [35] concentrations. Glycaemia and insulinaemia were restored to normal over 60 days in rats with diabetes after peroral administration of the alcohol fraction of GS extract. The number of Langerhans islets and β-cells in the pancreas doubled [31, 38] . In 1990, the effects of a GS extract on type 1 and 2 DM were published [30] . Clinical trials were conducted in the USA on the patented preparation ProBeta, based on a GS extract [30, 31, 39, 40] . Treatment of 27 patients with type 1 DM who were on insulin therapy with GS extract (400 mg/d) showed reduced fasting glucose levels, up to 35%, and normalised serum lipid concentrations. The required dose of exogenous insulin was reduced (up to 50%), and the level of endogenous insulin was increased 12 months after the start of treatment. It was proposed that GS increased the endogenous levels of insulin and C-peptide, possibly due to pancreatic regeneration.
Inhibitory Effects on Palatal Taste Response
Gymnema leaf and root extracts have been shown to affect the palatal taste response by interfering with the ability of the taste buds on the tongue to perceive sweet and bitter tastes. It is believed that inhibiting the perception of sweet taste may cause people taking it to limit their intake of sweet foods. This activity may be partially responsible for its hypoglycaemic effect [41] . The active compounds are thought to act by binding to the sweet taste receptor protein [42] .
Hypolipidemic Activity
The altered blood lipid levels and hyperglycaemia associated with DM increase the risk of atherosclerosis [43] . Therefore, it is significant that GS not only possesses hypoglycaemic properties but can also correct impaired lipid exchange [9] . Extracts of GS have shown anti-atherosclerotic potential, with efficacy similar to the standard lipid-lowering agent clofibrate [9] . In vivo studies have been conducted primarily with rats. Significant decreases in fat absorption were observed when GS extract was administered orally to rats fed a high-fat or normal-fat diet. The administration of leaf extracts to hypolipidaemic rats for two weeks was found to reduce elevated serum triglycerides, total cholesterol, very low-density lipoprotein and low-density lipoprotein levels in a dose-dependent manner [4, 8] . An aqueous extract of GS was shown to suppress the accumulation of lipids in the liver of rats on a high fat diet to the same extent as chitosan [44] . Spontaneously hypertensive rats consuming extracts of GS showed a decrease in circulating cholesterol concentrations [45] .
Anti-Obesity Activity
Obesity is a well-established risk factor for cardiovascular disease, diabetes, hyperlipidaemia, hypertension, osteoarthritis, and stroke. GS promotes weight loss through its ability to reduce sweet cravings and to control blood sugar levels [2, 3, 42, 46] . A standardised GS extract in combination with niacin-bound chromium and hydroxycitric acid was evaluated for anti-obesity activity by monitoring changes in body weight, body mass index, appetite, lipid profiles and the excretion of urinary fat metabolites in moderately obese human volunteers.
Anti-Cancer Activity
The alcoholic extract of GS is a potent anti-cancer agent against the A549 (human lung adenocarcinoma) and MCF7 (human breast carcinoma) cell lines [47] . Additionally, the alcoholic extract of GS has been shown to inhibit intestinal breast cancer resistance protein (BCRP) [48] . BCRP inhibition enhances the systemic availability of orally-administered drugs, including topotecan, irinotecan, nitrofurantoin, and sulfasalazine, by increasing absorption [48, 49] . For this reason, GS extracts possess potent medicinal value in cancer treatment.
Haemolytic Activity and Mechanism of Action
Triterpene saponins usually show high haemolytic activity, whether they are neutral, acidic, or an ester saponin. Polar substituents on ring A and weakly polar substituents on rings D and E increase the lysis of erythrocyte membranes, which results in haemoglobin release. Triterpenes, acylglycosides, and saponins with strongly polar substituents on rings D and E exhibit a lower haemolytic activities [50, 51] . With respect to the carbohydrate moiety, the situation is less clear. Haemolysis usually decreases with length and increases with branching of the sugar chain [52] .
The molecular mechanism of these effects is not entirely clear. It seems that the first step is an irreversible interaction of the oligosaccharide chain with the erythrocyte membrane [53] [54] [55] [56] . Therefore, the activity of a saponin is strongly influenced by the structure of the oligosaccharide moiety. In the following step, enzymatic deglycosylation releases the aglycon, which destroys the membrane locally.
From the literature [57, 58] , it is evident that the haemolytic activity varies considerably with the structure of the glycoside.
Antimicrobial Activity
The crude ethanolic extract of GS leaves showed significant antibacterial activity against Bacillus pumilis, B. subtilis, Pseudomonas aeruginosa and Staphylococcus aureus, but no activity against Proteus vulgaris or Escherichia coli [59] . The aqueous and methanolic extracts of the leaves also showed moderate activity against three pathogenic Salmonella species (Salmonella typhi, S. typhimurium and S. paratyphi) [60] . The chloroform and ethyl acetate extracts of the aerial parts of GS also exhibited activity against P. vulgaris, E. coli, P. aeruginosa, Klebsella pneumoniae and S. aureus [61] .
Anti-Inflammatory Activity
The aqueous extract of GS leaves was investigated for anti-inflammatory activity in rats using carrageenan-induced paw oedema and the cotton pellet method at doses of 200, 300 and 500 mg/kg. The 300 mg/kg dose decreased paw oedema volume by 48.5% within 4 hours after administration [62] , compared to the standard drug phenybutazone (57.6%). Additionally, doses of 200 and 300 mg/kg significantly reduced granuloma weight compared to the control group [18, 62] . By elevating liver enzymes, such as γ-glutamyl transpeptidase and superoxide dismutase, extracts of GS show a protective effect against the release of slow-reacting substances and free radicals. The extracts did not inhibit granuloma formation or related biochemical indices, such as the hydroxyproline and collagen levels. Extracts of GS exhibited reduced gastrotoxicity even at high doses and did not affect the integrity of the gastric mucosa compared to other non-steroidal anti-inflammatory agents [63] .
Anti-Larvicidal Activity
One ecological role of secondary metabolites is defence against phytophagous insects and pathogens. This suggests interesting applications in the search for new environmentally friendly, biodegradable, bioactive natural products that may avoid some of the deleterious environmental effects of synthetic pesticides [64] [65] [66] . Triterpenes and sterols have important roles in the acquisition of cholesterol by insects, which rely exclusively on exogenous cholesterol sources for normal growth, development, and reproduction [67] . Many terpenoids exhibit insecticidal and insect growth regulation (IGR) activities, inhibit enzymes and metabolism [68, 69] , and have antifeedant effects on phytophagous insects [70] . For example, aqueous extracts of GS show significant larvicidal activity against Culex larvae (44%-89% mortality in Culex quinquefasciatus) [71] . The extracts may also possess activity against the larvae of Anopheles subpictus [72] .
Antioxidant Activity
GS extracts rich in oleane saponins have been examined for antioxidant activity. The IC 50 values for DPPH scavenging, superoxide radical scavenging, inhibition of in vitro lipid peroxidation, and protein carbonyl formation were 238, 140, 99, and 28 μg/mL, respectively [73] . The antioxidant activity shown by the 55% v/v alcoholic GS extract may be due to the presence of flavonoids, phenols, tannins and triterpenoids, all of which were detected in preliminary phytochemical screening [4] . In vivo studies have shown that pre-treatment with GS extracts significantly enhanced the radiation (8 Gy)-induced augmentation of lipid peroxidation and depletion of glutathione and protein in mouse brain. Some multi-herbal ayurvedic formulations containing extracts of GS, such as Hyponidd and Dihar, have shown antioxidant activity by increasing the levels of superoxide dismutase, glutathione and catalase in rats [74, 75] .
Side-Effects
GS is considered safe when taken at the recommended doses. Short term use of low doses may have no noticeable side effects [76] . Extremely high doses may induce hypoglycaemia. Symptoms such as weakness, confusion, fatigue, shakiness, excessive sweating and loss of muscle control may occur. Gymnema may cause gastrointestinal distress, including abdominal cramping, nausea and vomiting, when taken on an empty stomach. Spontaneously hypertensive rats consuming GS showed no change in systolic blood pressure [45] .
Toxicity
Several reports suggest that a reliably toxic dose of GS has not been found. The LD 50 in mice and rats is greater than 5 g/kg [35] . Peroral administration of a hydro-alcoholic extract of GS (19.5:1) to mice at a dose of 0.25-8 g/kg did not produce any behavioural or neurological effects. Feeding studies lasting 52 weeks in rats including administration of 1% GS powder in the diet, showed no toxic effects; none of the animals died during this period [4] . No side effects were found upon administration of GS at doses of 0.50-0.56 g/kg/day in man [77] . GS has been reported to cause toxic hepatitis or drug-induced liver injury in patients who have been treated with this herb for diabetes mellitus [75] . D-400 (a formulation of herbs known for their hypoglycaemic actions that contains GS as one of the major components) showed no adverse effects on rats and no teratogenicity [78] . The plant increased the effectiveness of diabetic medication.
Discussion of the Specific Biological Activity of Tested Molecules
The aqueous extract of GS leaves shows potent anti-inflammatory activity in rats [62] and significant larvicidal activity, for example, against Culex quinquefasciatus [71] and Anopheles subpictus larvae [72] .
Studies on the crude ethanolic extract of GS leaves showed significant antibacterial and anti-cancer activities. The LD 50 values of the ethanolic and water extracts of GS administered intraperitoneally in mice was found to be 375 mg/kg [79] . In an acute toxicity study in mice, no gross behavioural, neurological, or autonomic effects were observed.
Not surprisingly, this plant has been and is still being studied by many research groups, as demonstrated by the publication of thousands of articles and the isolation of one hundred new and known molecules. However, few of the oleane triterpenoids isolated from GS that are gem-dimethylated at C-4 (see Figure 1 and Tables 3 and 4 [ For example, longispinogenin (1) was evaluated for anti-inflammatory activity in 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced inflammation in mice. The inhibitory effect was compared with that of a reference compound, quercetin (a known inhibitor of TPA-induced inflammation in mice), and two commercially available anti-inflammatory drugs, indomethacin and hydrocortisone. Longispinogenin (1) showed marked inhibitory activity, with an ID 50 of 0.03-1.0 mg/ear, which was more potent than quercetin (1.6 mg/ear) and comparable to indomethacin (0.3 mg/ear) [113] . It also showed antitubercular activity against Mycobacterium tuberculosis H37Rv in Middlebrook 7H12 medium using the Microplate Alamar Blue Assay. Longispinogenin showed potent activity, although it was an order of magnitude less potent than the first-line antitubercular drug, rifampin [110] . Longispinogenin (1) and oleanolic acid (17) have been reported to strongly inhibit HIV-1 replication in H9 lymphocyte cells and in CEM 4 and MT-4 cells. However, the results of cell-free enzymatic assays should be cautiously extrapolated to the mode of action of these compounds in intact cells. In addition, these compounds were tested for inhibition of HIV-1 reverse transcriptase (RT). RT is a key enzyme for human immunodeficiency virus (HIV), as it catalyses the RNA-and DNA-dependent synthesis of double-stranded proviral DNA. Because replication of HIV is interrupted by RT inhibitors, inhibition of HIV RT is considered a useful approach for the prophylaxis of acquired immunodeficiency syndrome (AIDS). Several nucleosides; natural flavonoids, tannins and alkaloids; synthetic benzodiazepines and piperazine derivatives; and non-nucleoside-type compounds with diverse molecular structures have been reported as being HIV RT inhibitors. However, the efficacy of both nucleoside and non-nucleoside RT inhibitors is limited by high rates of viral mutation, which rapidly leads to the emergence of drug-resistant viral strains. Compounds possessing potent anti-HIV activity with novel structures and modes of action are urgently needed. Whereas oleanolic acid (17; 3.1 μM) was shown to possess potent inhibitory effect against HIV-1 RT, longispinogenin showed no or a weak inhibitory effect [112] .
Chichipegenin (2) was evaluated for inhibition of the growth and development of the fall armyworm (FAW, Spodoptera frugiperda) and yellow mealworm (Tenebrio molitor L.) by examining different aspects including insecticidal and growth-regulatory activities, rate of development, time of pupation, adult emergence, and deformities at each life stage [114] .
Of those reported in Table 3 , only compounds 9-12, 14 and 16 have been assayed for anti-sweetness activity. Solutions of these compounds (5 mL, 1 mM) were evaluated in adult volunteers using the method of Maeda et al. [120] . Each participant held the solution in the mouth with distilled water. Immediately after this, different concentrations of sucrose (0.5-0.1 M) were administered. The sweetness-inhibiting activity of each compound was expressed as the maximum concentration of sucrose for which sweetness was completely suppressed.
Compound 11 and the sodium salt of alternoside II (16) completely suppressed the sensation of sweetness. Compound 9, alternoside VII (10), alternoside XIX (14) , and compound 12, which does not have an acyl group, were inactive even when tested at a lower concentration of sucrose (0.1 M) [92] [93] [94] . This finding seems to indicate that the anti-sweetness activity of these triterpene saponins is related to the presence of acyl groups on the D and E rings. This is consistent with the hypothesis that ester groups can play an important role in anti-sweetness activity. [115] .
Only compound 18 has been evaluated for haemolytic activity (expressed as the Haemolytic Index (HI)) using the Austrian Pharmacopoeia method, with the Austrian Saponin standard HI.30000 as the reference [99] . Linkage of the terminal glucose to position 3 results in a compound with potent activity. Considering the significantly differing haemolytic indices for glycoside analogues, the investigation of other oleanolic acid glycosides seems promising. Furthermore, the effect of the configuration of the anomeric carbon attached to the aglycone should be investigated.
Oleane-type triterpene saponins are known to possess cytotoxic activity, but only silphioside B (21) was tested in vitro for cytotoxicity against three human tumour cell lines using the MTT assay: leukaemia (HL60), lung cancer (A549) and prostate cancer (DU145) [105] . This compound showed modest cytotoxicity. However, considering that this plant is both a medicine and a food, further studies should also be performed on other compounds. The influence of the oleanolic acid glycoside 21 on amylase activity and total protein content in wheat seedlings was studied [119] . Treatment of Triticum aestivum L. seeds with 1-10 μM aqueous solutions of 21 increased the α-amylase levels, total amylase activity and total protein content to an extent comparable to gibberellin A3 and 6-benzylaminopurine.
Compounds that reduce postprandial hyperglycaemia by inhibiting the absorption of carbohydrates have been shown to be effective for the prevention and the treatment of non-insulin-dependent diabetes mellitus. With this aim, oleanolic acid (17) and its 28-glucopyranoside derivative 20 were assayed to evaluate their effects on serum glucose in glucose-loaded and normal rats, but they showed no activity [101, 118] . In addition, their anti-pruritic and gastromucosal protective effects have been evaluated in mice. Further experiments are necessary to gain insight into the mechanisms of action involved in these effects of saponins.
Compounds 17 and 20 showed good inhibition of rabbit muscle glycogen phosphorylase-a (GPa) monitored using a microplate reader (BIO-RAD) [108] . Briefly, GPa activity was measured by the release of phosphate from glucose 1-phosphate. Each test compound was diluted to different concentrations for IC 50 determination, which was estimated by fitting the inhibition data to a concentration-effect curve using a logarithmic equation.
Pentacyclic triterpenes may exert hypoglycaemic effects, at least partially through GPa inhibition, but other mechanisms may also account for these effects. Further studies are needed to elucidate these molecular mechanisms in detail and to biologically evaluate natural and synthetic pentacyclic triterpenes as anti-diabetic agents.
Compound 20 has been tested for haemolytic activity using human erythrocytes in place of sheep cells. The corresponding haemolytic dose was defined as the final concentration that resulted in 50% of the haemolysis being caused by hypotonicity [51] . Comparing the results for oleanolic acid 17 with its 3-and 28-glucopyranoside (20) derivatives indicates that the sugar chain at the C-3 of oleanolic acid is essential, but that the sugar chain at C-28 results in inhibition of cytolytic activity; consequently, compound 20 exhibits little cytolytic activity.
Conclusions
Many Indian herbs are being used in traditional practice to cure diabetes. GS has an important place among such anti-diabetic medicinal plants and can also be used to treat dyspepsia, constipation, and jaundice, haemorrhoids, renal and vesicular calculi, cardiopathy, asthma, bronchitis, amenorrhoea, conjunctivitis and leucoderma. GS is a source of biologically active substances. A very broad spectrum of pharmacological activities has been reported, despite the fact that only a small proportion of isolated molecules were tested and that not all biological activities were evaluated. Some extracts and/or isolated compounds at various doses and in various combinations are beneficial in, among other things, the treatment of latent diabetes mellitus and the complex treatment of insulin-independent DM. In particular, some triterpenoids prolong the actions of hypoglycaemic preparations and promote regeneration of β-cells in insulin-dependent and insulin-independent DM. There has been rapid development in isolation and characterisation techniques as well as in in vivo studies using various rat and mouse models of life-threatening diseases. These compounds obviously require physicochemical characterisation, biological evaluation, toxicity studies, investigation of the molecular mechanism(s) of action and clinical trials. These classical approaches are necessary in the search for new lead molecules for the management of various diseases. Diabetes is becoming common throughout the world and many new drugs are being synthesised for treatment of this disorder. Many Indian herbs are being used in traditional practice to cure diabetes. GS has an important place among such anti-diabetic medicinal plants and can also be used to treat dyspepsia, constipation and jaundice, haemorrhoids, renal and vesicular calculi, cardiopathy, asthma, bronchitis, amenorrhoea, conjunctivitis and leucoderma. In future studies, compounds isolated from Gurmar must be evaluated scientifically using innovative experimental models and clinical trials to understand their mechanisms of action and to search for other active constituents in order for other therapeutic uses to be widely explored.
